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AbstractIn this paper, we investigate broadband OFDM systems which
apply beamforming in combination with different spacetime diversity tech-
niques. Various beamforming scenarios with transmitter and/or receiver sided
beamforming are considered. Spacetime diversity is obtained by cyclic delay
diversity (CDD) in order to articially shape the spectrum of the received sig-
nal. Thus, an advantageous distribution of the errors before a Viterbi channel
decoder is obtained. Simulation results for the bit error rate performance are
presented and compared for OFDM systems applying different beamforming
scenarios and CDD in a Rayleigh fading channel. Maximum ratio combining
(MRC) of the signals received on multiple beams/antennas and inter-carrier-
interference (ICI) is also taken into account in the performance analysis.
I. INTRODUCTION
￿
ULTICARRIER systems are a promising candidate for fu-
ture mobile radio systems beyond
￿
￿
￿ . The complexity is
not a major task, as the evolution within this industry has shown
in the past decade. Multipath transmission in wireless digital sys-
tems causes constructive and destructive superposition of the sig-
nal at the receiver. The arising fading leads to a quality loss, that
could destroy an existing link. Several well known techniques
exist to reduce fading effectively, however they all incorporate
several disadvantages:
￿ Channel coding [1] decreases the spectral efciency of the sys-
tem by using the redundant data.
￿ Power control [2] increases interference within the whole sys-
tem by increasing the needed power for a single user.
￿ Diversity techniques [1], [3], [4] transmit the signal omnidirec-
tional and therefore not power efcient.
￿ SpaceTime coding [5], [6] by itself does not allow to target
transmit power spatially.
￿ Smart antennas [7], [8] lack the option of multipath diversity,
which is especially important in multicarrier systems.
This paper presents an approach to carefully direct the trans-
mission power to the desired receiver by using the topograph-
ical scenarios of the wireless channel. The presented diversity
methods are designed for orthogonal frequency division multi-
plexing (OFDM) systems [9]. The proposed technique modies
the transmission signal in a way that the received signal can be
detected more reliable by the receiver than in conventional tech-
niques. The negative impact of fading is minimized and therefore
the needed transmission power is reduced, implicitly minimizing
the cell interference in a wireless digital cellular system as well.
This paper is organized as follows. Section II covers several
beamforming concepts. The proposed diversity techniques and
its features are sketched in Section III, followed by Section IV
where an exemplary application is presented. The simulation en-
vironment and detailed results are presented in Section V.
II. BEAMFORMING CONCEPTS
Inthis section weintroduce thebasic ideas behind thenew tech-
nique. Multiple beams of one or more smart transmission anten-
nas are aimed at the receiver, where each beam is modied by
a different process. Each of the beams reaches the receiver by
using the topographical scenarios of the wireless channel. We as-
sume that the wireless channels are not corellated to each other.
The transmission signal can be modied by several methods intro-
duced in Section III. The antenna beams are aimed at the receiver
by using several different paths to direct the available power more
precisely, improving the receiver quality by using several differ-
ent channels. If one channel is subject to strong fading, the pos-
sibility that another channel has sufcient transmission quality is
high enough to keep the transmission alive. Fig. 1 depicts exem-
plary scenarios for applications of smart antennas at the transmit-
ter and/or at the receiver.
The scenario in Fig. 1(a) shows an isotropic antenna as transmit-
ter and smart antennas at the receiver. Our technique prevents the
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Fig. 2. Block scheme of the combination of the signal processing unit and the
adaptive antenna processor (AAP) at the transmitter and the receiver.
superposition of single propagation paths. It compensates for the
delay difference between paths, e.g. between path 1 and path 2,
and cancels the transmitted signal on path 3.
The scenario in Fig. 1(b) shows smart antennas at the trans-
mitter and an isotropic antenna at the receiver. It uses known
transmitting channel parameters in an ideal way. As in scenario
Fig. 1(a), it is possible to compensate the delay difference be-
tween the transmission paths. Additionally, the delay/phase dif-
ference introduced in Section III-A.1 causes frequency selective
fading which enhances the performance as explained later.
The scenario in Fig. 1(c) shows how to unite the properties of
both cases. The spatial selectivity at the transmitter and at the
receiver offers independent channels. Therefore, the transmitting
power and the transmitted data can be allocated along information
theoretical principles. Multipath transmission allows to combine
signal processing with adaptive antennas in a very exible way.
The targeted spatial orientation of the adaptive antenna admits a
spatial distribution of the transmission power and the transmitted
data. The receiver antenna characteristic allows a selected sample
of spatial transmission paths. Both characteristics of an adaptive
antenna at the transmitter and at the receiver allow the separation
of the signal.
Fig. 2 shows the scheme of the combination of signal process-
ing and smart antennas in more detail. The signal processing unit
forms
￿ signal streams handled by the antenna processor. The
antenna processor controls the adaptive antenna group so that
￿
signal streams are transmitted according to the propagation sce-
narios in several different spatial directions. At the receiver the
antenna processor modies the antenna characteristics so that all
￿
signal streams are optimally received, and nally all
￿
signal
streams are formed back.
III. BEAMFORMING WITH SPACETIME DIVERSITY
The proposed antenna beamforming scheme which exploits ad-
ditional diversity due to specic modications of the signal at the
individual beams can be realized with different techniques and
results in different, advantageous system properties. The various
diversity techniques are realized in the signal processing block
shown in Fig. 2. They are especially designed for multicarrier
modulated systems applying orthogonal frequency division mul-
tiplexing (OFDM) [9].
A. SpaceTime Diversity Techniques
A.1 Delay Diversity, Phase Diversity and Cyclic Delay Diversity
The signals at the individual beams can be transmitted delayed
to each other according to the principle of delay diversity (DD)
presented in [3]. This can be considered as an articial spread of
the signal in time direction, increasing the frequency selectivity of
the resulting signal spectrum at the receiver antenna. Thus, a at
fading channel can be transformed in a frequency selective chan-
nel which has benets with respect to the error distribution when
e.g. a subsequent Viterbi decoder is applied. Scenarios where theAntenna
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Fig. 1. Diversity at the transmitter and/or at the receiver
total signal spectrum is in a deep fade and signicant disturbances
at the receiver up to a total system failure would occur can be
avoided. However, beamforming with DD introduces articial in-
tersymbol interference (ISI)or reduces the effective guard interval
used in OFDM systems.
To avoid intersymbol interference (ISI) the time delays
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hold the following condition:
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Where
￿
￿ is the guard interval length and
￿
￿
%
￿
￿
￿ denotes the multi-
path channel delay spread. For tight dimensioned guard intervals,
where
￿
￿
￿ is only slightly larger than
￿
￿
￿
%
￿
￿
￿ , (1) strongly restricts
the choice of the time delays
￿
￿ .
To overcome this drawback, the signals at the individual beams
can be shifted against each other in phase according to the
principle of phase diversity (PD) [3] or cyclic delay diversity
(CDD) [4], [10]. It can be shown that PD and CDD have the
same performance, whereby CDD has some implementation ad-
vantages.
In the next section CDD is introduced, which overcomes this
problem. Fig. 3 illustrates the difference between DD and CDD
in the time domain and shows the transmission of two consecutive
OFDM symbols with their cyclic prexes as guard intervals. For
clarity, the
￿
￿
&
(
’ subcarrier is plotted as a sine wave. The reference
signal is not delayed and transmitted (resp. received) for both DD
and CDD. In the case of DD it can be seen, that the DD signal is
a simple copy of the reference signal, delayed by
￿ . It is also ob-
servable, that OFDM symbols of the DD signal partly overlap the
guard interval of the subsequent OFDM symbol in the reference
signal by
￿ . This results in the above mentioned restriction in the
choice of
￿ (see (1)).
In the case of CDD one can see [10], that there is no overlap-
ping of CDD signal OFDM symbols with reference signal OFDM
symbols, whereas the phase of the subcarriers are equal to that of
the DD signal. This makes the performance of CDD equal to DD
while (1) restricts DD. Further it can be seen, that the OFDM
symbols of the CDD signal can be generated from the reference
signal OFDM symbols just by a cyclic time shift of
￿
￿
)
+
* .
Fig.4 shows the block diagram of an
￿ -beam OFDM system with
CDD at the transmitter. The OFDM modulated signal is transmit-
ted over
￿ beams, whereas the particular signals only differ in a
beam specic cyclic shift. After cyclic shifting, the guard interval
is inserted. Note, that in case of CDD,
￿
￿
)
(
*
$
,
￿ ,
￿
-
￿
.
￿
 
￿
￿
!
"
!
￿
!
￿
￿
￿
￿
/
￿ ,
denote cyclic shifts. Due to linearity CDD can be implemented at
the receiver as well.
In order to achieve any diversity effects, i.e. to get constructive
and destructive interference within the OFDM signal bandwidth
0
, the delays
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Further spacetime diversity techniques, like subcarrier diversity,
space time coding and maximum ratio combining are outlined
in [10].
IV. APPLICATION
In this section we introduce the transmitter and receiver sys-
tem models, which are used for simulations. In general, we apply
CDD at the transmitter side of a convolutionally coded OFDM
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system. At the receiver side adaptive antenna processing (AAP)
is used at the front end of a MRC-OFDM receiver. Further sys-
tem properties of the novel approach are exposed in more detail
in [10].
A. Transmitter
For the implementation of CDD at the OFDM transmitter, only
a second signal path after OFDM-modulation has to be added.
Fig. 5 shows the transmitter part with transmitter CDD. After
channel coding and interleaving, the bit-stream is mapped to
complex-valued QAM-symbols. The functional block Frame
Adaption is responsible for QAM-symbol interleaving, pilot in-
sertion and transmission parameter signaling (TPS).The resulting
symbol-stream is OFDM-modulated. Then the signal is split, the
antenna specic cyclic delays are inserted and the guard intervals
are built. Finally, the signals are fed into an AAP unit and are
transmitted. The signals at the transmit antennas are normalized
by the number of transmit antennas.
B. Receiver
We use AAP in front of a MRC-OFDM receiver as shown in
Fig. 6. The AAP unit forms an antenna characteristic for each
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TABLE I
MAIN CHANNEL PROPERTIES
Path Path-
Delay
[
3
5
4 ]
rel. avg.
Power
[
6
0
]
Fading-
Char.
max.
Doppler
[
7
9
8 ]
Doppler
Spectr.
Form
1 0 0 Rayleigh 500 Jakes/AAP
2 5 0 Rayleigh 500 Jakes/AAP
3 10 0 Rayleigh 500 Jakes/AAP
desired signal propagation path and additionally corrects its path
delay. It is assumed that only one propagation path is received per
antenna characteristic, i.e. all other paths are faded out due to this
characteristic. It is also supposed that the directions of arrival for
each signal propagation path can be resolved. If
￿
propagation
paths are desired to be received, the
￿
signal streams, resulting
from
￿
different antenna characteristics, are fed into a
￿
-branch
MRC-OFDM receiver [10].
After guard interval removal, the received signal is OFDM-
demodulated and equalized using zero forcing. For our inves-
tigations we assume perfect knowledge of the channel state in-
formation (CSI). The complex-valued symbol-streams are com-
bined and soft-out QAM demodulated before symbol- and bit-
deinterleaving is done. Finally the bit stream is soft-decision-
maximum-likelihood (SDML) decoded.
V. SIMULATIONS
In this section we present simulation results for some specic
scenarios, which were introduced in Section II. First, the channel
models and system parameters are introduced. Finally, the simu-
lation results are presented.
A. Channel Models
For simulations we use a 3-path channel with wide sense
stationary uncorrelated scatterers (WSSUS). Table I shows the
main channel properties of the 3-path model. The maximum
Doppler frequency for each Rayleigh fading signal propagation
path is
:
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@ ). Because AAP is assumed to resolve the signal propa-
gation paths for multipath channels, we use a at Rayleigh fading
channel for simulations with AAP. The properties for this channel
are equivalent to path 1 of Table I.
The Doppler spectrum is no longer a Jakes spectrum in case
AAP is applied either at the base station [11], at the mobile sta-
tion [12] or even at both ends [12]. The pdf of the direction of
arrival (DOA) at the mobile station is no longer uniform. This
is caused by the narrow beam of the transmitting base station, or
the limited view of the receiving front-end at the mobile sta-
tion by applying AAP. The non-uniform pdf of the DOA results
in a Doppler power spectrum density that has a maximum peak at
lower Doppler frequencies compared to the JakesDoppler [13]
spectrum. Therefore the inter-carrier-interference (ICI) in the
OFDM system is lowered. In our simulations we assume that
ICI does not occur in case AAP at either the transmitter or the
receiver is applied.
The overall noise is divided into two parts as described in [14]:
￿ interfering noise from a discrete source impinging at the an-
tenna group is responsible for 80% of the noise power.
￿ spreaded noise homogeneously over the whole area of inci-
dence is responsible for 20% of the noise power.
Hence, the signal-to-interference-noise ratio (SINR) is dened as
SINR
￿
A
C
B
D
C
E
￿
G
F
￿ (3)
where
￿
F represents the homogeneous noise and
D
the discrete
interferer noise power.
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B. System Parameters
The simulation system is an OFDM system with an
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channel. The duration of the OFDM symbol is
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is used.
C. Results
In this section we present simulation results for scenarios that
are described in Section II.
C.1 AAP at the Receiver
This scenario is closely related to Fig. 1(a). We use an isotropic
antenna at the transmitter side, i.e. the AAP unit in Fig. 5 pro-
duces an isotropic antenna characteristic. This can be achieved,
if only one element of the antenna array is used for transmission.
Therefore the AAP unit at the transmitter would simply look like
the one, shown in Fig. 7. Where
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transmit-antenna (1TX) simulations and
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2TX (CDD) simulations. The overall transmitted power is equal
for all simulations. For the 2TX simulations, a cyclic delay of
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Fig. 8 rst shows the reference results with and without
inter-carrier-interference for the single antenna receiver case
(1TX/1RX). In case the maximum Doppler frequency is
:
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8 ,
no ICI occurs. In case of
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For the 1TX/3RX and 2TX/3RX MRC-OFDM receivers in a
3-path channel model, which was described in Sec. V-A, with
isotropic antennas no error oor can be found ata BER of
K
j
g
k
￿
;
h
b
i .
It has to be emphasized that the received power is not normal-
ized to the number of receiver antennas. In case of 1TX/3RX and
2TX/3RX the 3-fold signal power is received compared to the
1TX/1RX systems. As it can be seen, about
￿
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can be gained
at a BER of
K
l
g
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;
h
m
i for additional CDD (2TX/3RX) compared
to a single transmit antenna system (1TX/3RX). For the AAP-
receivers we assume independent at Rayleigh channels for each
propagation path and that the inter-carrier-interference is elimi-
nated by the use of directional antennas to reduce the doppler
spread. Again, if we compare the 1TX system with the 2TX CDD
system, a SINR gain of
M
_
!
P
6
0
at a BER of
K
n
g
Z
￿
;
h
b
i can be ob-
served.
The realized simulations take into account discrete interfering
noise signals. An isotropic receiver antenna is unable to cancel
discrete interfering signals. Therefore the AAP works in a sys-5 10 15 20 25 30 35 40
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tem that has an advanced system performance of about
P
6
0
U
￿
￿
;
p
o
d
q
$
r
b
U
V
=
 
;
￿
s
Q
 
K
;
 
s
E
￿
￿
W
X
W . The 1TX AAP is only slightly better
than 1TX/3RX without AAP. The missing multipath diversity de-
grades the 1TX AAP receiver. It can be seen that the 2TX AAP
system outperforms the 2TX/3RX isotropic reference system by
about
M
6
0
at a BER of
K
t
g
"
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;
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b
i . The noise signals, which are fed
from the AAP unit into the MRC-OFDM receiver are not uncor-
related. So the results for the AAP systems are a lower bound for
the BER performance.
C.2 AAP at the Transmitter
In this section we focus on different transmitter concepts, and
therefore only one isotropic receiver antenna without any diver-
sity is applied. Fig. 1(b) shows an AAP implemented only at the
transmitter and not at the receiver. By using an AAP at the trans-
mitter all three paths can be correctly delayed according to the
known channel delay, and ICI can be reduced. This opens new
advantages and disadvantages in a cellular network. On the one
hand the data rate could be increased, by minimizing the guard
interval. On the other hand the three path channel is seen as one
Rayleigh channel at the receiver. Therefore multipath diversity is
lost, but additionally we can effectively adopt CDD to combat the
diversity loss and still have a higher data rate.
Using AAPs at all transmitters within a cellular network, low-
ers the directional interference at the receiver  despite the fact
that it is impossible to cancel them at the receiver. However this
is not guaranteed and depends on the trafc behavior within the
cellular network. Fig. 9 shows the lowest
U
D
￿
v
u
^
Z
w
W and the
highest
U
D
￿
;
W possible yield for an AAP at the transmitter.
C.3 AAP at both Transmitter and Receiver
In this section we use AAP at both transmitter and receiver to
divide the considered multipath propagation channel scenario spa-
tially into independent radio links with Rayleigh fading character-
istics and an AAP doppler spectrum at the receiver. Hence, dif-
ferent data can be transmitted over these links, i.e. the data rate is
improved. Because of the independence of the data links, we con-
sider one data link in the simulations. In the case of multiple data
links, the transmission power has to be normalized according to
the number of data links. Fig. 10 rstshows the BERperformance
of AAP at the transmitter and receiver. It can be observed that a
BER of
K
n
g
￿
￿
;
h
m
i is reached at a SINR of about
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:
N
6
0
. This poor
performance can be improved signicantly by applying CDD.
VI. CONCLUSIONS
A. Conclusion
Thispaper presents an approach using advanced signal process-
ing and adaptive antennas to modify the transmission signal that
improves the reliability of the detection of the signal at the re-
ceiver.
For an isotropic transmitter antenna system and an adaptive an-
tenna processor (AAP) system at the receiver, our results show
the SINR gain is about
K
￿
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at a BER of
K
x
g
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i in the
best case compared to the basic system. This is due to the ef-
fects of cyclic delay diversity (CDD), adaptive antenna gain and
maximum-ratio-combining at the receiver. The AAP allows to
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Fig. 10. BER vs. SINR for both transmitter and receiver AAP
reduce inter-carrier-interference and to cancel interfering signals,
and therefore increases the signal-to-interference-noise ratio sig-
nicantly.
In case of an AAP at the transmitter and an isotropic receiver
antenna, it is general possible to minimize the directional inter-
ference within the cellular network. The maximum gain in the
introduced trafc scenario is
P
6
0
. Additionally the data rate can
be increased by minimizing the guard interval and applying CDD
at the expense of multipath diversity.
Using an AAP at both ends of the wireless channel offers to mod-
ify the transmitting signal, to use the topographical scenarios for
several propagation paths and to transmit in parallel different data
signals. The results show that with the help of CDD the needed
SINR for a given BER decreases dramatically.
Using CDD and AAP at both ends, the proposed technique
￿ offers to adaptively switch on or off the data channels, depend-
ing on the application.
￿ enables an enhanced detection at the receiver by orienting mul-
tiple transmission beams at the receiver along multiple propaga-
tion paths.
￿ implies optimized power control by only transmitting to the de-
sired receiver, and minimizes interference in the entire system.
In comparison to conventional schemes with adaptive antennas
the novel approach alters the spectrum and the error distribution
at the receiver, and therefore performs much better for the used
OFDM system.
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